An immunoblot (IB) technique for detecting antibodies to Streptobacillus moniliformis in rat sera was evaluated. Immune sera to three S. moniliformis strains showed a similar reactivity pattern with both autologous and homologous antigens in the 18-87 kDa range. Using a rat S. moniliformis strain as the antigen, a similar reactivity pattern was found with sera from rats infected experimentally with S. moniliformis and sentinels. Two to five proteins were detected in the 32-55 kDa range. Over a period of 2.5 years, 27/133 rat serum panels submitted for routine monitoring yielded one or more S. moniliformis enzyme-linked immunosorbent assay (ELISA)-positive samples. In one of these 27 panels, sera showed an IB reactivity pattern resembling that observed with immune sera and with sera from infected and exposed rats. S. moniliformis was confirmed in the colony by both culture and polymerase chain reaction (PCR). Sera from the remaining 26 ELISA-positive serum panels frequently showed activity to a 57 kDa antigen but not more than one antigen was detected in the 32-55 kDa range. We conclude that the IB can be used as a confirmatory test for the detection of S. moniliformis infection in ELISA-positive rats.
Streptobacillus moniliformis is a Gramnegative bacterium found in various laboratory animal species and is the causative agent of rat bite fever and Haverhill fever in man (Wullenweber 1995) . S. moniliformis infection has been detected in various mouse, rat and guineapig colonies in the last 20 years (references in Boot et al. 2002) . For detection of S. moniliformis in asymptomatic animals by culture and/or polymerase chain reaction (PCR), animals have to be killed and both approaches appeared less sensitive than enzyme-linked immunosorbent assay (ELISA) that identifies antibodies to the bacterium (Boot et al. 1993 . Using ELISA, we occasionally detect seropositive rats but fail to confirm the infection by culture and/or PCR. Immunoblot (IB) or Western blot has been used to detect antibodies to various rodent pathogens such as Mycoplasma pulmonis (Terada et al. 1989) , Pasteurella pneumotropica (Manning et al. 1989) , Helicobacter hepaticus (Livingston et al. 1999) , Pneumocystis carinii (Weisbroth et al. 1999) and the technique is likely to be more specific than ELISA using whole cell (WC) antigens. We therefore explored the use of an IB procedure to detect antibodies to S. moniliformis in rats.
Materials and methods

Bacterial antigens
S. moniliformis rat strains KUN-3 and W13, mouse strain ATCC 48567 and NCTC10651
T of human origin were grown on 5% sheep blood agar (SBA; Oxoid, Haarlem, The Netherlands) for 48 h at 371C under 7.5% CO 2, harvested in phosphatebuffered saline (PBS) pH 7.2, washed three times by centrifugation (3000 g, 10 min) in PBS pH 7.2 and finally resuspended in PBS containing 0.01% w/v merthiolate. The WC antigens were used for the production of positive control sera by immunization of rats and in subsequent serological procedures. For immunoblotting, WC extracts of S. moniliformis strains KUN-3, W13 and NCTC10651
T were prepared by boiling bacterial suspension (150 mg/L protein) in buffer for 3 min.
Positive control sera Antisera to the S. moniliformis strains were raised by immunization. For each S. moniliformis antigen, four Rivm:TOX rats were immunized with 0.1 mL of bacterial suspension (7.5 mg/L protein) diluted 1:1 in Stimune (Cedi Diagnostics BV, Lelystad, The Netherlands) followed by a single s.c. booster injection with 0.2 mL plain antigen after three weeks. Antisera to heterologous Bordetella bronchiseptica, Corynebacterium kutscheri, Haemophilus strains H21 and H35, Helicobacter bilis, H. hepaticus, H. muridarum, Pasteurella pneumotropica, Mycoplasma arthritidis, M. pulmonis and Acholeplasma laidlawii were produced similarly in rats. All sera (except that to A. laidlawii) were in use as positive control sera in ELISAs measuring antibodies to rat pathogenic bacteria .
Negative control serum was obtained from Rivm:TOX rats from our barrier-maintained breeding colony.
Immunoblotting
Proteins were electrophoresed on 10% polyacrylamide gels in sodium dodecyl sulphate (SDS) according to Laemmli (1970) . For IB analysis, antigens were electrophoretically transferred onto nitrocellulose membrane (Protran BA83, Schleicher & Schuell, Dassel, Germany) according to Towbin et al. (1979) . Blots were incubated at 41C in 0.05% Tween20/PBS (PBS/Tween) containing 1% low-fat milk (Protifar, Nutricia, Cuijk, The Netherlands) and frozen at À201C until use. Immunodetection was performed by incubation of the blots with serum samples diluted 1:50 in PBS/ Tween for 60 min at room temperature. After washing in PBS/Tween, the blot was incubated with peroxidase conjugated sheep anti-rat IgG (Sigma Aldrich Chemie BV, Veenendaal, The Netherlands) diluted 1:2000 in PBS/Tween. After washing in PBS/ Tween, tetramethyl benzidine/di-oactyl natriumsulfosuccinate (TMB/DONS 0.06% and 0.2%, respectively, in dimethyl sulphoxide) was added as substrate. Positive and negative control sera and a molecular weight marker with a range of 6.5-200 kDa (Kaleidoscope Prestained Standard 161-0324, Biorad Laboratories Ltd, Veenendaal, The Netherlands) were included in each run. ELISA Antibodies to S. moniliformis strain KUN-3 were determined by ELISA in 1:50 diluted sera using sheep anti-rat IgG as the secondary antibody as described (Boot et al. 1993) . ELISA activity (optical density, OD) was expressed as a percentage of the positive control serum (OD sample/OD C þ )Ã100% and X30% was considered a positive result.
Animals
Experimentally infected rats Twenty female HSD/Cpb:WU rats aged 5-6 weeks were housed 2-3 per type III cage in a Gustafsson-type isolator. Each rat was dosed Laboratory Animals (2006) 40 nasally and orally with 0.1 mL of a suspension containing 10 4À5 cfu S. moniliformis strain KUN-3. Blood samples were obtained by highly competent technicians prior to infection (day 0), and at 11 and 21 days post infection (p.i.) through orbital puncture under surgical ketamine-rompun-atropine anaesthesia (see above). At 44 days p.i., the rats were exsanguinated under anaesthesia and S. moniliformis infection was detected by culture and/or PCR in all animals. IB was performed using aliquots of the sera obtained at day 0 (n ¼ 7), day 11 (n ¼ 20), day 21 (n ¼ 7) and day 44 p.i. (n ¼ 2).
Exposed rats Fifteen of the original 20 experimentally infected WU rats were used as a source of 'natural' S. moniliformis infection by exposure to inbred rats. We exposed 5 to 6-week-old female rats of five inbred strains (6 rats per strain): BD IX/Han, SHR/NIco (SHR), WKY/Nico, BN/Orl/Ico and F344/Ico (F344). Two rats of each strain were housed with an infected WU source rat per type III Makrolon cage (in total 15 cages present). Exposed rats were bled as described through orbital puncture under anaesthesia prior to exposure and at 24 and 33 days post exposure. At 60-62 days, all rats were exsanguinated under anaesthesia. ELISA and IB were performed on all sera.
This exposure study was carried out to explore possible differences in antibody response to S. moniliformis among inbred rat strains but yielded ambiguous results using ELISA, culture and PCR to detect S. moniliformis infection with most of the rat strains (Boot et al. 2004) .
All rats used in this study were free from infections listed in the Federation of Laboratory Animal Science Associations (FELASA) recommendations for the monitoring of rat colonies (Nicklas et al. 2002) , except that the deliberately infected HSD/Cpb:WU rats were naturally infected by V-factor-dependent Pasteurellaceae (Haemophilus spp.), and hence Haemophilus infection was also present in the exposed rats. All rats were fed 2.5 Mrad-irradiated pelleted diet ad libitum (SMR, Hope Farms, Woerden, The Netherlands). Tap water was available ad libitum.
All animal experiments were approved by the Institute's Ethical Committee on Animal Experiments and were conducted in compliance with national legislation which is based on European Community Council directive 86/609/EEC.
Rats from tested colonies Between April 2002 and August 2004, we tested 133 rat serum panels comprising 1031 sera for antibodies to S. moniliformis by ELISA. The sera were from various rat strains present in breeding and experimental colonies. In 27/ 133 (20.3%) panels, one or more ELISApositive samples were detected. Of the 318 sera involved, 275 were ELISA positive and hence 43 were negative by ELISA. All 318 sera were tested by IB. Only one of the 27 serum panels was determined to be positive by the IB procedure as a confirmatory test, and S. moniliformis infection was confirmed by culture and PCR as described (Boot et al. 1993 . Infection by S. moniliformis was not systematically monitored by culture and/or PCR in the remaining 26 ELISApositive groups, but rats from various colonies involved had been used in other studies without any evidence of presence of rat pathogenic microorganisms with the exception of Haemophilus spp. infection in some colonies.
Sensitivity and specificity Both parameters for the S. moniliformis IB were calculated from data obtained in directly inoculated WU rats confirmed infected at days 11, 21 and 42 p.i. (n ¼ 29) and in exposed inbred rats (90 outcomes on samples from 30 rats). The IB was considered positive when antibody activity against at least two antigens in the 32-55 kDa range was present using the ELISA result for comparison. IB sensitivity was calculated as the proportion of positive IBs from ELISA-positive samples. IB specificity was calculated as the proportion of negative IBs from ELISA-negative samples. 
Statistical analysis
Results
Antigens and antisera
Rat antisera to S. moniliformis strains KUN-3, W13, ATCC 48567 and NCTC10651 T raised by immunization detected IB antigens with molecular weights in the 18-87 kDa range (Figure 1 ) comprising proteins of 18, 25, 32, 35, 40, 55 , 57 kDa and some proteins in the 70-87 kDa range. The reactivity patterns observed in autologous and homologous assays were similar. Separation of 32 and 35 kDa antigens and of 55 and 57 kDa proteins was not optimal due to strong reactivity of the antisera in low dilutions. As we use S. moniliformis strain KUN-3 as antigen in the ELISA for the seromonitoring of animal colonies, we used antigen of this strain in subsequent IBs. In 12 test runs performed with KUN-3 antigen, all indicated proteins were identified by the autologous antiserum with the exception of the 18 kDa antigen which was detected in 6/12 assays only. The rat antisera to heterologous rat pathogenic bacteria and to A. laidlawii did not detect S. moniliformis antigens by IB.
Experimentally infected rats
Sera from WU rats taken prior to experimental infection did not detect S. moniliformis antigen by ELISA and IB. At 11 days after infection, the IB detected reactivity to proteins in the 32-87 kDa range (Table 1) . The 32, 35, 37, 40 and 55 kDa antigens were found by at least 50% of the 20 sera tested, comprising seven ELISA-negative and 13 ELISA-positive samples. The 35 and 37 kDa antigens were detected by all sera. The number of antigens detected in the 32-55 kDa range varied from two to five, and the average number of antigens detected by ELISA-negative (4.370.8) and positive sera (4.171.0) did not differ (Student's t-test, P>0.05).
At 21 and 42 days after infection, all sera tested (n ¼ 7 and 2, respectively) were ELISA positive and invariably detected the five antigens in the 32-55 kDa range and antigens in the 70-87 kDa range. The 25 and 57 kDa proteins were detected by some sera but the 18 kDa protein was not found. ELISA and IB. From 24 days after exposure, the IB detected antigens in the 18-87 kDa range (Table 2) . Over time, the number of ELISA-positive animals increased as did the number of sera that detected proteins by IB. At the end of the study, 22/30 rats (73%) were ELISA positive and 15/22 (68%) detected antigens by IB. Proteins in the 32-55 kDa range were the most frequently detected and the number of antigens detected in this range varied from two to five. The 57 kDa antigens and some proteins in the 70-87 kDa range were found with similar frequency but the 18 and 25 kDa antigens were infrequently detected. No clear differences were seen in IB test outcome of ELISA-positive rats of the different inbred strains (data not shown). IB antigens were only rarely detected by ELISA-negative sera (Table 2) . We found a F344 rat that reacted at 24 days after exposure to the 32, 37 and 55 kDa proteins but sera obtained later from this rat did not detect any antigen. Further we found an SHR rat that reacted to 57 kDa antigen at 24 and 33 days after exposure and at day 24 also to a protein in the 70-87 kDa range, but the day 62 serum from this rat did not react to S. moniliformis antigens.
Exposed rats
Rats from monitored colonies
In the 27 serum panels from rats in which we found S. moniliformis ELISA-positive animals, one serum panel comprised samples in which the IB detected 2-5 antigens in the 32-55 kDa range (Table 3) . S. moniliformis infection was confirmed in the conventional breeding colony by both culture and PCR in two out of 10 rats.
In the remaining serum panels originating from breeding and experimental colonies (Table 3) , the IB detected activity to the 57 kDa antigen in 167/308 (54%) of the samples. In these 26 serum panels, the 57 kDa protein was detected with the same frequency in 142/270 (52.6%) ELISA-positive and in 20/38 (52.6%) ELISA-negative samples. Activity to non-57 kDa proteins in the 18-87 kDa range was only rarely found (14 antigens detected by 10 sera from breeding colonies, and 8 by 8 sera from experimental colonies), and the number of antigens detected in the 32-55 kDa range did not exceed one. Infection by S. moniliformis was not systematically monitored by culture and/or PCR in the 26 ELISA-positive groups. There was no difference in frequency of occurrence of immunity to the 57 kDa antigen between rat colonies with and without natural Haemophilus spp. infection (data not shown).
Specificity and sensitivity
Both parameters for the S. moniliformis IB were calculated from all data obtained in experimentally infected WU rats (29 outcomes on samples from 20 rats) and in exposed inbred rats (90 outcomes on samples from 30 rats) using the ELISA outcome as the standard. Considering the presence of antibody activity to at least two antigens in the 32-55 kDa range as a positive IB outcome, 78% of the ELISA-positive samples were IB positive (Table 4 , sensitivity). The sensitivity of the IB predictably diminished if a higher number of detected proteins were required for a positive IB outcome, with a simultaneous increase in specificity defined as the proportion of ELISA-negative samples showing a negative IB.
Discussion
S. moniliformis is an important zoonotic bacterium that is difficult to culture (Wullenweber 1995) . PCR might be more sensitive than culture for detecting infection in rats , but the need to kill the animal and the labour-intensive nature of the assay are obvious disadvantages. Therefore, measuring antibodies to the bacterium is an attractive tool for screening animal populations for the infection. Various serological assays to detect antibodies to S. moniliformis have been developed such as the complement fixation test (Savage et al. 1972) , the immunofluorescence assay (IFA) (reviewed by Wullenweber 1995) and the ELISA (Koopman et al. 1991 , Boot et al. 1993 . Bacteria have a complex antigenic make up and cross-reactivity with unrelated bacteria is a potential problem especially using the ELISA and the IFA. The IB or Western blot technique is often considered to be more specific than IFA and ELISA, and the IB may be used to confirm positive ELISA and IFA results (Manning et al. 1989) . The IB technique involves the separation of proteins by SDS-polyacrylamide gel electrophoresis (PAGE), transfer of the proteins to a nitrocellulose membrane (blotting) and their subsequent immunodetection (Kurien & Scofield 2003) .
Our ELISA was performed with antigen derived from rat S. moniliformis strain KUN-3 which is cross-reactive with Streptobacillus strains from human infections as well as mouse and other rat isolates (Boot et al. 1993) . Strain KUN-3 also seems a rational choice as antigen in the detection of antibodies to S. moniliformis by IB as the reactivity pattern of immune sera in homologous and autologous assays with antigen of three different strains appeared similar (Figure 1 ). The number of proteins detected by IB was clearly lower than the 40-50 proteins reported by Costas and Owen (1987) . This difference was likely due to differences in preparation of the bacterial protein and other technical procedures applied. Further, not all S. moniliformis proteins might be immunogenic to rats. As S. moniliformis strain KUN-3 was used as antigen in our ELISA for the monitoring of animal colonies for antibodies to the bacterium, we used antigen of this strain in subsequent IBs.
The strong reactivity of antiserum to strain KUN-3 with antigens in the 32-55 kDa range (Figure 1 ) was also observed in the experimentally infected rats (Table 1) . This might be coincidental as with some rodent pathogenic bacteria we detected differences in reactivity between antisera raised by immunization and natural infection. So mouse and rat immune sera to Haemophilus H21 appeared cross-reactive with C. kutscheri ELISA antigen, whereas Haemophilus H21 ELISA-positive mice and rats are C. kutscheri ELISA negative (unpublished).
The fact that IB reactivity was found in S. moniliformis ELISA-negative sera taken at day 11 after experimental infection suggests that the IB might be more sensitive than ELISA in the early detection of infection (Table 1 ). In P. pneumotropica, experimentally infected mice antibodies to cell wall proteins emerged sooner than antibodies to polysaccharide or WC antigens, but observations in P. pneumotropica naturally infected animals were said to be at variance (Manning et al. 1989 ).
In exposed rats, the reactivity of ELISApositive sera determined by IB was similar to that observed with immune serum and sera from experimentally infected counterparts (Table 2) . When the detection of at least two antigens in the 32-55 kDa is considered as a positive IB test result, there was consistency between IB and ELISA outcomes from 24 days (1st sampling) after exposure to the bacterium (Table 2) . This IB reaction pattern was found only in samples from rats in which S. moniliformis infection was with certainty present (deliberately infected rats, sentinels and the conventional culture and/or PCR-positive rats), and so not in samples from colonies in which the infection was unlikely, such as hysterectomy-derived isolator-reared and barrier-maintained rats (Tables 1-3) . Sera from S. moniliformis-infected rats detected up to five antigens and with an increasing number of detected antigens IB specificity increased compared to ELISA (Table 4) .
The detection of IB activity to one protein antigen only, notably the 57 kDa antigen, must be interpreted as a negative IB outcome. The 57 kDa antigen was detected with exactly the same frequency in S. moniliformis ELISA-positive and negative sera from rats submitted to routine testing. Therefore, immunoreactivity to 57 kDa protein cannot confirm the presence of S. moniliformis.
The ELISA activity and IB immunity to the 57 kDa antigen presumably originates from cross-reactivity between S. moniliformis and heterologous bacteria. The serological relationship of S. moniliformis with other bacteria has hardly been studied. There are few data on the relationship of S. moniliformis and bacteria of the order Mycoplasmatales that share the low mol G þ C content of the DNA with S. moniliformis.
Limited cross-reactivity between S. moniliformis and Acholeplasma laidlawii Laboratory Animals (2006) 40 has been found by ELISA (Boot et al. 1993) and IFA (Wullenweber 1995) . A. laidlawii has not been reported in rats but guineapigs (Hill 1974) and rabbits (Angulo et al. 1987) may harbour the bacterium and act as a source of infection to rats. Rabbit antisera against non-rodent Acholeplasma species namely A. axanthum, A. oculi and A. equifetale reacted by using IFA with mouse S. moniliformis strain ATCC 49567, but antisera against four other Acholeplasma species did not (Wullenweber 1995) . Rabbit antisera against M. arthritidis and M. pulmonis did not react by using IFA with S. moniliformis (Wullenweber 1995) . This agrees with our finding that rat antisera against both Mycoplasma species did not react by using IB with S. moniliformis antigen. Also, rat antiserum against A. laidlawii was not reactive to S. moniliformis antigens by the IB.
It is unlikely that antigen(s) inducing anti-S. moniliformis ELISA activity are the same as those responsible for eliciting antibody activity to the 57 kDa antigen given the observation that activity against the 57 kDa antigen was present with exactly the same frequency in ELISA-positive and negative sera.
We report that the use of the ELISA for the screening of rats for antibodies to S. moniliformis over a period of about 2.5 years yielded positive test outcomes in about 20% of the serum panels submitted to our laboratory. That ELISA-positive findings were in one colony only confirmed by IB (Table 3) and by culture and PCR indicates that the ELISA has a low specificity. S. moniliformis infection has been found in the last two decades in several colonies of various rodent species including an SPF barrier-maintained mouse breeding colony (references in Boot et al. 2002) . As detection of the infection by culture is difficult and also sampling for detection by PCR necessitates the killing of animals, ELISA remains an attractive tool for routine testing of animal colonies for the zoonotic bacterium. Our study indicates that the immunoblotting technique must be used to confirm positive S. moniliformis ELISA results in rats.
